Salt-affected soils are extensively present and constitute about 7% of total land surface. However, our knowledge about nitrous oxide (N 2 O) production through rapid nitrification and denitrification processes between the atmosphere and the saline soil is very limited. In order to evaluate the potential of N 2 O consumption in saline soils, this study was therefore designed to quantify the variability in N 2 O emissions monthly in the Yellow River Delta in China. Main issues include: different saline-alkaline soils and temporal aspects. Our aim was to quantify N 2 O emissions and identify the major drivers controlling its emissions for providing guidance in eco-restoring coastal wetland on large scale. By using in situ closed chambers the annual average emissions of N 2 O from the mudflat was determined and it was significantly higher than plant communities, especially herbage communities. In general, the emissions of N 2 O of different ecosystems showed a unique-peak annual pattern, with the peak in September. Saline-alkaline mudflat and different vegetations acted as N 2 O source in the Yellow River Delta and the N 2 O emission of different ecosystems followed the order: Saline-alkaline mudflat > T. chinensis >S. salsa > P. australis. Therefore restoration of saline land through revegetation was necessary to reduce the N 2 O emission of saline soils. The effects of air and soil temperature on N 2 O fluxes were significant in salt-affected soils except P. australis. Soil water content and electrical conductivity correlated positively or negatively with N 2 O emissions in mudflat and P. australis community. While relationships between N 2 O production and other soil properties (TC, TN, C:N ratio, NH 4 + -N and NO 3 − -N) were only significant in mudflat and T. chinensis community. Temporal variations of N 2 O emission were related to the interactions of abiotic factors (air and soil temperature, soil water content and electrical conductivity) and the variations of other soil properties, while spatial variations were mainly affected by the vegetation composition at spatial scale.
Introduction
Atmospheric nitrous oxide (N 2 O) concentrations have been increasing since the industrial revolution and currently account for 6% of total anthropogenic radiative component and is becoming the main cause of stratospheric ozone destruction (Davidson, 2009) . The increase in its atmospheric concentration is attributed mainly to anthropogenic activities, such as deforestation, agricultural practices and fossil fuels combustion. Besides, a considerable amount of atmospheric N 2 O is produced and consumed in soils by microbial processes of nitrification, denitrification and nitrifierdenitrification (Davidson et al., 2000; IPCC, 2001) .
It is widely accepted that the emissions of soil N 2 O is highly variable and strongly influenced by environmental factors, such as soil properties and moisture (Davidson et al., 1993; Breuer et al., 2000) . Additionally, to understand of how soil properties and moisture regulate N 2 O emission is essential for realistic predicting soil-atmosphere N trace gas exchange (Gharahi Ghehi et al., 2012) .
Soil management and environmental conditions directly influence N 2 O production, which leads to land use to clearly influence N 2 O emissions (Maljanen et al., 2003) . Cultivated and uncultivated wetlands have been shown to emit N 2 O at significantly different rates over the same period according to previous study (BedardHaughn et al., 2006) . So N 2 O emissions may vary with different vegetation communities.
Seasonal variation in plant growth and environmental factors and seasonal fluctuations likely lead to significant temporal variation in N 2 O fluxes of soils (Kachenchart et al., 2012) . For example, organic matter break-down and NO 3 − production could be stimulated in dry warm seasons, and the loss of N 2 O may be induced in the subsequent wet season when waterlogging occurs (Dalal et al., 2003; Liu et al., 2012) . Salt-affected soils are extensively present and covers approximately 7% of the world land area (Ghassemi et al., 1995) . Because of the high water table and the potential for reducing conditions that prevail in salt-affected soils, significant losses of N could occur via denitrification, making salt-affected soils potential hotspots for N 2 O emission. On the other hand, our knowledge about N 2 O turnover between the atmosphere and the saline soils are very limited. In this study, we investigated N 2 O emissions of naturally saline soils in the Yellow River Delta.
The Yellow River Delta (YRD) is the fastest growing delta and the most active land-ocean interaction regions among the large river deltas in the world (Wang et al., 2012) , because the Yellow River brings great quantities of muddy sand into the Bohai Sea. YRD lied at Bohai sea gulf, is one of the three biggest deltas in China. Total land area covered 12,000 km 2 , while averagely 0.5 hm 2 per capita, arable land was 0.19 hm 2 per capita in the region. The YRD is called as the "Golden Triangle" due to its great exploitation potential and development of the YRD, it gets more and more attention. However, here rainfall was less and the mineral content in underground water was higher. These conditions caused soil salinization and alkalization. Therefore land degradation was a typical case in the field. Through analysis of land use, land cover change and driving force in YRD, it could be concluded that these natural factors such as more evaporation, less rainfall, poorer fresh water hindered land use regularly. Soil salinization was easily going to occur. Meanwhile, the variety of Yellow River hydrology and human disturbances of land environmental have also been important driving factors (Xing and Zhang, 2006) .
Tamarix chinensis, Suaeda salsa and Phragmites australis were three dominant plant species adapt the saline-alkaline habitat in YRD region. Even though variations in soil properties and moisture are considered as the main driver of N 2 O emissions, it does not explain observed temporal and spatial variations in salinealkaline soils of YRD. The current study tried to quantify the N 2 O source/strength of different saline soils using high resolution data, and examine in detail, the principal environmental characteristics that control N 2 O fluxes. The objectives of this study were (i) to study the diurnal variability of soil-atmosphere exchange of N 2 O in saline-alkaline soils of the Yellow River Delta and (ii) to investigate the relationship between soil N 2 O flux and dynamic soil physiochemical properties to understand the driving environmental factors and processes so as to aid the future development of process-based models of saline-alkaline biogeochemical function and eco-restoration. Studying these remaining remnant pockets will provide 'baseline' greenhouse gas emissions, critical data when determining the greenhouse gas budget as a result of land use change.
Materials and methods

Study site
This study was conducted in the Yellow River Estuary, located in the Nature Reserve of the Yellow River Delta (37 • 35 -38 • 12 N, 118 • 33 -119 • 20 E) in Dongying City, Shandong Province, China. The nature reserve has a typical continental monsoon climate with distinctive seasons; summer is warm and rainy while winter is cold. The annual average temperature is 12.1 • C, the frost-free period is 196 days, and the effective accumulative temperature is about 4300 • C. Annual evaporation is 1962 mm and annual precipitation is 551.6 mm, with about 70% of precipitation occurring between June and August. The soils in the study area are dominated by intrazonal tidal soil and salt soil (Tian et al., 2005; Mou et al., 2011) .
Experiment design
The present study was carried out monthly from April to December 2012. We selected the no vegetation saline-alkaline soil, T. chinensis community, S. salsa community and P. australis community as four observation sites, which were less than 100 m apart. All the observations were conducted in triplicate with the mean value being analyzed. Because of limitations on labor and equipment, observations for these four types were not conducted on the same date, but the replicates were observed at the same time period on the same day. On each sampling date, measurements were conducted at 7:00, 9:00, 11:00, 13:00, 15:00 and 17:00.
Measurement method
Fluxes of N 2 O were measured using static dark chamber and gas chromatography techniques. The static chamber was made of stainless steel and consisted of two parts. Before observation, one square box (without a top and bottom, length × width × height = 0.5 m × 0.5 m × 0.2 m), serving as a collar for supporting chamber the sampling chamber, was inserted directly into the soil with 5 cm exposed above the soil surface and kept in the soil during the entire experiment. During our observations, the chamber (without bottom, length × width × height = 0.5 m × 0.5 m × 0.7 m) was placed into the collar with water to prevent leakage and the vegetation was included within the chamber. In order to maintain a consistent temperature within the chamber, we wrapped the cylinder with a quilt. Inside the chamber, a small fan that was used to stir the air and a thermometer sensor and a trinal-venthole were installed. Gas sampling usually lasted one hour because we took four gas samples in 20-min intervals, and samples were collected with an injector with a 60 ml capacity via a Teflon tube connected to the chamber.
The gas samples were stored in dark cool bags less than 24 h before being measured. Gas chromatography was used to measure the gas concentrations; then the gradient of gas concentration during sampling was used to calculate the gas flux between ecosystems and the atmosphere. Positive values mean the flux from ecosystems to the atmosphere, and negative values mean the flux from the atmosphere to ecosystems.
The gas samples were analyzed using a gas chromatogram (Agilent 7890A, Agilent Co., Santa Clara, CA, USA) within 24 h (Song et al., 2009 ).
The gas flux was calculated according to the following equation from Song et al. (2008) 
where the dc/dt is the slope of the gas concentration curve variation, along with time. M is the mole mass of each gas. P is the atmospheric pressure in the sampling site. T is the absolute temperature during the sampling. V 0 , T 0 , P 0 are the gas mole volume, air absolute temperate and atmospheric pressure under standard conditions, respectively. H is the height of the chamber during sampling.
Environmental measurement
At the same time that gas measurements were conducted, we also measured the air temperature inside and outside the chambers, atmospheric pressure. Soil temperatures were measured at 5-cm intervals from soil surface to 20 cm depth. Soil volumetric moisture and electrical conductivity (EC) (0, 5, 10 and 15 cm depths) were determined in situ by high-precision moisture measuring instrument (AZS-2) and soil and solution EC meter (Field Scout), respectively. Soil EC of mudflat was not determined since the values beyond the pale of the EC meter. On each sampling date, two soil samples (0-10 cm and 10-20 cm) per site were taken for analyzing TC and TN contents by element analyzer (Elementar Vario Micro, German) and NH 4 + -N and NO 3 − -N contents by sequence flow analyzer (AutoAnalyzer III, Germany).
Statistical analysis
Repeated measures analysis of variance (ANOVA) was used to examine the site-and temporal-variation in N 2 O fluxes. One-way ANOVA was employed to examine the difference in the mean N 2 O fluxes among the four saline sites. Correlation analysis was used to examine the relationships of N 2 O fluxes with air temperature, soil temperature at different depths, soil water content and electrical conductivity at different soil depths. All the analyses passed the normality test without the transformation of the original data. Statistical significance was accepted when P < 0.05. All statistical analyses were performed using SPSS for Windows 20.0.
Results
Environmental variables under different vegetation types
During all times of the seasons measured, air temperature and soil temperatures did not differ between positions. They both increased from April to July, then decreased gradually (Fig. 1A) . Although water contents in subsurface soil were higher than those in surface soil, no significant differences were found among the four positions and different soil depths (Fig. 1B) . Both EC in surface and subsurface soil (5, 10 and 15 cm) had no significant difference between T. chinensis and S. salsa communities, but they both higher than those in P. australis community. The air and soil temperatures in mudflat and different vegetation communities both showed single-peak curves and the maximum occurred in July. No significant difference in water content and EC was found among different seasons.
Total C and Total N in surface (0-10 cm) and subsurface soils had significant differences among the four communities, in the order of P. australis > S. salsa > T. chinensis > mudflat ( Fig. 2A and B) . TC and TN in surface soil were higher than those in subsurface in different vegetation communities, but no significant difference between surface and subsurface was found in mudflat. The soil C:N ratio had no significant difference between surface and subsurface in mudflat, but in surface were significant lower than those in subsurface in different vegetation communities, and in the order of P. australis < S. salsa < T. chinensis < mudflat (Fig. 2C ). There had no significant difference among varied months for TC content and TN content decreased from April to August or September, then increased in mudflat and all vegetation communities. Accordingly, the C:N ratios of soil surface and subsurface increased until August or September, then decreased. Similar with TC and TN, NO 3 − -N and NH 4 + -N in surface soil were higher than those in subsurface in mudflat and different vegetation communities. The NO 3 − -N content had significant differences among the four communities, followed the order: P. australis < S. salsa < T. chinensis < mudflat (Fig. 3A) , no significant differences was found among the four positions for NH 4 + -N content (Fig. 3B) . In general, NO 3 − -N and NH 4 + -N contents in surface and subsurface soils were highest in June and May, respectively, then decreased, and were lowest in August.
Seasonal variation of N 2 O flux from different vegetation
Over all sampling periods, N 2 O fluxes of mudflat, T. chinensis, S. salsa and P. australis communities ranged from 0.0056 to 0.1611 mg m −2 h −1 , from 0.0049 to 0.1490 mg m −2 h −1 , from 0.0008 to 0.0357 mg m −2 h −1 and from 0.0002 to 0.0066 mg m −2 h −1 , respectively (Fig. 4) . The annual average fluxes of N 2 O in above four positions were 0.0442 mg m −2 h −1 , 0.0512 mg m −2 h −1 , 0.0103 mg m −2 h −1 and 0.0021 mg m −2 h −1 , indicating that different saline-alkaline soils acted as N 2 O source. The N 2 O fluxes of mudflat and T. chinensis community were significantly higher than S. salsa and P. australis communities. N 2 O emissions in different ecosystems both showed single-peak curves and the maximum occurred in September.
Correlation between N 2 O emissions and environmental variables
Pearson correlation analysis between N 2 O fluxes and independent variables in the four positions were conducted (Table 1) . In P. australis community, N 2 O fluxes had no significant correlations with air and soil temperature in surface and subsurface soils, while significant positive correlations were found in other three positions. N 2 O emissions in mudflat indicated a notable positive correlation with water content and EC of soil surface, 5 cm soil water content, and soil C:N ratio in 10-20 cm depth and a negative correlation with soil TN and 10 cm soil water content. In T. chinensis community, N 2 O fluxes was negatively correlated with soil TN, but positively correlated with NO 3 − -N at 10-20 cm depth and C:N ratio at 0-10 cm depth. N 2 O fluxes from S. salsa had no significant correlation with environment parameters, with the exception of temperature. A significant positive correlation was apparent between N 2 O emission and 5 cm and 10 cm water content, 15 cm soil EC in P. australis community. 
Discussion
In this study, a clear annual pattern of N 2 O emissions from saline-alkaline mudflat and vegetations in the Yellow River Delta were observed. We found that high N 2 O emissions occurred during summer and autumn and low fluxes occurred during spring and winter. The results were similar with others (Søvik and Kløve, 2007; Wang et al., 2007) .
Annual changes in solar energy input and associated temperature changes are the most important factors, although there are several interacting mechanisms that are involved in controlling the annual variation in N 2 O net fluxes (Long et al., 2010) . The effects of soil temperature on soil N 2 O fluxes are also well known and have been demonstrated for several types of ecosystem (Klemedtsson et al., 1997; Regina et al., 1999) . N 2 O fluxes tend to correlate with soil temperature, because microbiological processes regulate the production and consumption of N 2 O in soil (Sahrawat and Keeney, 1986) . Correlation analysis in the current study showed that there did not exist a significant relationship between air or soil temperatures and N 2 O emissions in P. australis community, but the significant relationship between N 2 O emissions and temperature was found in other three positions. Tang et al. (2006) suggested that soil temperature did not have a strong effect on N 2 O emissions, which was consistent with results reported in tropical, agricultural soils (Crill et al., 2000; Kiese and Butterbach-Bahl, 2002) . On the other hand, some studies showed that N 2 O fluxes were strongly correlated with soil temperature. Zhu et al. (2008) indicated that N 2 O emission peaks coincided with the maximum of ground temperature in coastal tundra marsh of eastern Antarctica. Schaufler et al. (2010) and Schindlbacher et al. (2004) have also shown that N 2 O emissions increase exponentially with increasing soil temperature. So N 2 O emissions may vary with different ecosystems. N 2 O is mostly produced through nitrification, de-nitrification, nitrifier-denitrification and dissimilatory reduction of NO 3 − to NH 4 + in soil (Wrage et al., 2001; Smith et al., 2003) . Soil moisture has been identified as the most sensitive factor to regulate N 2 O emissions from soils since it directly regulates oxygen availability in soil pores, which determines the activity of nitrification and denitrification within the soil profile (Zheng et al., 2000; Silva et al., 2008) . Small changes of soil water content can significantly affect N 2 O emission (Cai et al., 2001; Grant and Pattey, 2003; Smith et al., 2003) . At 40% water-holding capacity, anaerobiosis in unamended soil was small or non-existent so production of N 2 O was mainly due to nitrification (Stevens et al., 1998) . Increases in H 2 O content will reduce O 2 concentration, induce nitrifier-denitrification and denitrification and thus production of N 2 O and N 2 (Silva et al., 2008; Zhang et al., 2013) . This is consistent with a similar study in humid temperate regions of southern Europe where N 2 O production was limited by soil water content. In these forests, the highest N 2 O emission rates coincided with the highest soil moisture and always took place when the soil moisture was higher than 25% (Merino et al., 2004) . Other field and laboratory studies (García-Méndez et al., 1991; Davidson et al., 1993; Kiese and Butterbach-Bahl, 2002) demonstrated that N 2 O emissions were positively correlated with soil moisture content, which is in agreement with our study. In the current study, significant correlations between N 2 O fluxes and soil water content were only found in mudflat and P. australis community, but no significant relationship was found in T. chinensis and S. salsa communities.
As mentioned above, the soil moisture of different positions had no significant difference; the soil grain composition probably resulted in significant difference of EC among the different positions (Sun et al., 2013 ). In the current study, except for the significantly positive correlations between N 2 O flux and electrical conductivity in surface soil in mudflat and at 15 cm soil depth in P. australis, no significant relationship was found between N 2 O fluxes and electrical conductivity at other soil depths of the profile, which were different with mostly previous studies that N 2 O emissions had negative correlation with EC (Dalal et al., 2003; Wang et al., 2009) . They considered that salinity could inhibit the nitrification and denitrification processes and decrease the production of N 2 O. On the contrary, Marton et al. (2012) found that N 2 O production elevated responded to increased salinity in the Satilla River tidal forest soils. One possible explanation for positive effect was that the salinity might not completely inhibit the N turnover and the activities of nitrifiers and denitrifiers in soil (Lv et al., 2008) .
Site-level control of N 2 O emission was also attributed to the effects of nutrient status (Sun et al., 2013) . Although significant differences in total C and total N were found among the four positions, the most correlations between N 2 O emission and total C or total N were not significant. Positive/negative relationships between N 2 O emissions and total C or total N have been reported in previous studies (Allen et al., 2007; Søvik and Kløve, 2007) due to C/N regulations and interactions of other abiotic variables at spatial scale (Huang et al., 2002) . In soils, the dominant N 2 O production from both nitrification and denitrification depends on mineralization rates (Ernfors et al., 2007) . While mineralization rates are closely linked to the C:N ratio (Gundersen et al., 1998; Ollinger et al., 2002) . A C:N ratio value of about 25 has been recognized as a cutoff point below which nitrification in organic material begins (Ollinger et al., 2002) and denitrification preferentially occurs (Ernfors et al., 2007; Saari et al., 2009) . The most C:N ratio values in the present study were higher than 25, which likely lead to no significant correlation between N 2 O emissions and C:N ratio in most soil profile.
NH 4
+ -N and NO 3 − -N content mostly had negative correlations with N 2 O emission in the four positions, which was similar with the conclusions drawn by Huang et al. (2002) and Tauchnitz et al. (2008) , but was contrary to mostly previous studies (Aelion et al., 1997; Muñoz-Hincapié et al., 2002) . In vegetation communities, one possible reason was related to the interactions of vegetation and microorganism (nitrifiers and denitrifiers) that produced negative influences on the transformation of NH 4 + -N or NO 3 − -N during N 2 O production. Li et al. (2002) indicated that vegetation had great impacts on N 2 O emission through influencing the activities of soil microorganism. Because available C, NH 4 + -N and NO 3 − -N were important substrates participating in the processes of nitrification and denitrification (Tauchnitz et al., 2008) , the production of N 2 O might be inhibited by the available substrates as they were significantly competed by both vegetation absorption and microorganism utilization (Li et al., 2002) . In this study, we observed that the physical and chemical parameters of soil differed among the four positions during the seasons measured. Especially, significant differences in EC, total C, total N, NH 4 + -N and NO 3 − -N among the four positions. Such differences would be due to the site-specific conditions such as topography, aspect, slope, hydrology, species composition, biomass and coverage of vegetation which determine the magnitudes and variations of N 2 O at spatial scale (Allen et al., 2007; Hirota et al., 2007; Welti et al., 2012) . Similarly, annual pattern in N 2 O net emission were found to vary strongly among four different ecosystems located within one site. Our data showed that the mudflat and all communities were N 2 O source and N 2 O fluxes of mudflat was significantly higher than that of vegetations, especially herbage community, such as S. salsa and P. australis. Nykanen et al. (1995) and Maljanen et al. (2007) also showed that the N 2 O emissions from the soils without plants were higher compared to those from cultivated soil, because plants uptake nitrate and limits denitrification. So restoration of saline land through revegetation was necessary to enhance the N 2 O uptake of saline soils.
Conclusions
Our work provides the first in situ measurements of N 2 O emission in varied saline-alkaline soils of the Yellow River Delta across different seasons. Significant positive correlations were found between N 2 O fluxes and air or soil temperature in surface and subsurface soils of mudflat and different vegetation communities except P. australis. Mudflat and P. australis showed significant positive/negative relationship between N 2 O emissions and soil water content and EC. While relationships between N 2 O production and soil other properties were only significant in mudflat and T. chinensis community. These results probably suggest that other environmental factors or interaction of different factors exerted a larger impact on N 2 O fluxes. N 2 O emissions in different ecosystems both showed single-peak curves and the maximum occurred in September. The different saline-alkaline soils both acted as N 2 O source. The N 2 O fluxes of mudflat were significantly higher than vegetation communities, especially herbage communities, such as S. salsa and P. australis. So restoration of saline land through revegetation was necessary to enhance the N 2 O uptake of saline soils. 
